Abstract: Synthetic organic selenium compounds, such as ebselen, may show glutathione peroxidaselike antioxidant activity and have a neurotrophic effect. We synthesized 1,3-selenazolidin-4-ones, new types of synthetic organic selenium compounds (five-member ring compounds), to study their possible applications as antioxidants or neurotrophic-like molecules. Their superoxide radical scavenging effects were assessed using the quantitative, highly sensitive method of real-time kinetic chemiluminescence. At 166 M, the O2− scavenging activity of 1,3-selenazolidin-4-ones ranged from 0 to 66.2%. 2-[3-(4-Methoxyphenyl)-4-oxo-1,3-selenazolidin-2-ylidene]malononitrile (compound b) showed the strongest superoxide anion-scavenging activity among the 6 kinds of 2-methylene-1,3-selenazolidin-4-ones examined. Compound b had a 50% inhibitory concentration (IC50) at 92.4 M and acted as an effective and potentially useful O2− scavenger in vitro. The effect of compound b on rat pheochromocytome cell line PC12 cells was compared with that of ebselen or nerve growth factor (NGF) by use of the MTT [3-(4, 5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] assay. When ebselen was added at 100 M or more, toxicity toward PC12 cells was evident. On the contrary, compound b suppressed serum deprivation-induced apoptosis in PC12 cells more effectively at a concentration of 100 M. The activity of compound b to phosphorylate mitogen-activated protein kinase/extracellular signal-regulated protein kinase (ERK) 1/2 (MAP kinase) in PC12 cells was higher than that of ebselen, and the former at 100 M induced the phosphorylation of MAP kinase to a degree similar to that induced by NGF. From these results, we conclude that this superoxide anion-scavenger, compound b, suppressed serum deprivationinduced apoptosis by promoting the phosphorylation of MAP kinase. (MAP kinase) in PC12 cells was higher than that of ebselen, and the former at 100 μM induced the phosphorylation of MAP kinase to a degree similar to that induced by NGF.
ABSTRACT
Synthetic organic selenium compounds, such as ebselen, may show glutathione peroxidase-like antioxidant activity and have a neurotrophic effect. We synthesized 1,3-selenazolidin-4-ones, new types of synthetic organic selenium compounds (five-member ring compounds), to study their possible applications as antioxidants or neurotrophic-like molecules. Their superoxide radical scavenging effects were assessed using the quantitative, highly sensitive method of real-time kinetic chemiluminescence. At 166 μM, the O 2 -scavenging activity of 1,3-selenazolidin-4-ones ranged from 0 to 66.2%. (MAP kinase) in PC12 cells was higher than that of ebselen, and the former at 100 μM induced the phosphorylation of MAP kinase to a degree similar to that induced by NGF.
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Introduction
A relatively large amount of O 2 -is generated in mitochondria of the cardiovascular system, and in phagocytes including polymorphonuclear leukocytes (PMNs), macrophages/monocytes, eosinophils, mast cells, and basophils (Fridovich, 1983) . O 2 -reacts not only with biomolecules, but also with other reactive oxygen species (ROS), such as hydrogen peroxide (H 2 O 2 ) and lipid radicals (LOOH) (Meydani et al., 1992; Fridovich, 1998; Balaban et al., 2005) . Additionally, ROS derived from leukocytes induce excessive inflammation, leading to cell/tissue injuries (Curnutte et al., 1974; Berridge, 1984) . In extreme instances such as endotoxin shock, neutrophils kill the infected host (Ryter et al., 2007) , and therefore the generation of ROS must be controlled (Long et al., 1997; Ramirez et al., 2003) .
Superoxide dismutases (SODs), catalase, glutathione peroxidase (GPX), and some vitamins are representative antioxidants, and these molecules act as protectors against ROS-induced toxicity in cells (Fridovich, 1995; Kimura et al., 2005) . GPX is believed to be an important antioxidant enzyme, and it effectively reduces the toxicity of H 2 O 2 in vitro and in vivo (Wendel and Tiegs, 1986; Kimura et al., 2005) . The active site of GPX contains selenium atoms (Wendel and Tiegs, 1986) , and various studies have shown that selenoproteins, including GPX, reduce oxidative stress in cells (Tiano et al., 2000; Jeong et al., 2002) . Thus, various organic selenium compounds may be potent candidate scavengers of ROS.
Ebselen®, a five-member ring selenium-containing heterocyclic compound showing GPX-like activity (Engman, 1989) , is a typical synthetic antioxidant for the scavenging of ROS (Zhang et al., 2002) . The antioxidative effects are due to selective blockade of leukocyte infiltration and activation, which results in elimination of these ROS (Zhang et al., 2002) . Thus, ebselen is a multifunctional antioxidant having a potential chemopreventive effect on inflammation (Nakamura et al., 2002) . On the basis of these facts, various types of organic selenium compounds might be applicable for the reduction of oxidative stresses (Takahashi et al., 2004; Takahashi et al., 2005a; Takahashi et al., 2005b) . Morey et al. (2001) demonstrated that some selenoproteins, such as selenoprotein P, regulate the redox potential in cells, resulting in modulation of various phosphorylation pathways including Ras/MAP kinase signaling (Morey et al., 2001) . On the other hand, we demonstrated earlier that ebselen regulates the redox in PC12 cells and induces activation of the MAP kinase cascade and neuronal differentiation via regulation of kinases or phosphatases related to intercellular signaling (Nishina et al., 2008) . Thus, such selenium compounds may act not only as ROS scavengers, but also as intracellular signal regulators.
We have synthesized various organic selenium compounds, such as selenoamides (Takahashi et al., 2004) , selenoureas, thioureas (Takahashi et al., 2005b) , and selenocarbamates (Takahashi et al., 2005a) , and found that most of these compounds act as effective scavengers of O 2 -in vitro (Takahashi et al., 2005a; Takahashi et al., 2005b) . In the present study, we newly synthesized five-member ring compounds, 1,3-selenazolidin-4-ones, and tested not only their superoxide radical-scavenging activity (SOSA) by using a real-time kinetic chemiluminescence method, but also their suppressive activity toward serum deprivation-induced apoptosis and their ability to induce MAP kinase phosphorylation in PC12 cells. were prepared according to procedures previously reported (Sommen et al., 2006) . A Cypridina luciferin analogue, 2-methyl-6-(4-methoxyphenyl)-3,7-dihydroimidazo-[1,2-]pyrazin-3-one hydrochloride (MCLA) was obtained from Tokyo Kasei (Tokyo, Japan) as a chemiluminescent probe for superoxide radicals. MCLA was dissolved in doubly distilled water and stored at -80ºC prior to usage. The concentration of the MCLA solution was determined based on its absorbance at 430 nm and an absorbance coefficient value of = 9,600M -1 cm -1 , as previously described (Kimura and Nakano, 1988 Assay of superoxide anion-scavenging activity (SOSA) SOSA of 2-[3-(aryl)-4-oxo-1,3-selenazolidin-2-ylidene] malononitriles (a-f) was measured by using a previously reported method (Kimura and Nakano, 1988) . Briefly, the reaction mixture shown in Fig. 2 . As compound b showed strong SOSA at 166 µM, we also measured the activity at 16.6, 41.5, and 83.0 µM. The percent inhibition of MCLA-dependent chemiluminescence was calculated as previously described (Kimura and Nakano, 1988) .
MATERIALS AND METHODS

Materials
The 50% inhibitory concentration (IC 50 ) was calculated from 4 concentrations of compound b (16.6, 41.5, 83.0, and 166 µM). In this study, SOSA was measured twice for each sample and the mean value was used.
Cell culture PC12 cells were cultured as described previously (Nishina et al., 2008 The calculation formula for determining the cell number was as follows: Absorbance 562 nm =0.228e x/10,000,000 (e, natural logarithm; x, cell number). Using the method, we established a standard curve for each assay.
Measurement of cell viability and inhibition of caspase-3 and 7 activities PC12 cells
were seeded at a cell density of 2 × 10 6 cells/well into collagen-coated 96-well plates (Corning), and precultured in the above serum-containing medium for 2 days at 37˚C in an atmosphere of 95% air/ 5% CO 2 . The cells were then cultured with DMEM containing 1%
BSA and a given reagent for various numbers of days. The number of viable cells was evaluated by the above-mentioned method. Activities of caspase-3 and 7 were measured by the Caspase-Glo® 3/7 assay kit (Promega, Madison, WI) using Typhoon 9200 (Amersham Biosciences, Tokyo, Japan) in chemiluminescence mode.
Treatment with MAP kinase kinase (MEK1/2) inhibitor
Cells were preincubated with serum-free medium (DMEM supplemented with 1% BSA) containing 10 µM of U0126 (a MEK1/2 inhibitor) for 15 min, and transferred to and cultured in the serum-free medium supplemented with compound b or NGF for the appropriate periods of time. The effect of U0126 on the cell number was evaluated using the MTT assay, and that on morphology was evaluated by optical observation. Photographs were taken under phase-contrast observation at magnification 100x.
Detection of phosphorylated proteins PC12 cells were cultured in serum-free medium containing a given test compound similarly as described in the previous section. Then the culture plates were placed on ice, and each well was washed with 3 ml of 2 mM Tris-HCl buffer, pH 8.0, (TBS) containing 0.33 M NaF and 6.25 M Na 3 VO 4 . The cells were subsequently lysed with 150 μl of 20 mM TBS containing 150 mM NaCl, 2 mM EDTA, 1%
Nonidet P-40 (w/v), 1% sodium deoxycholate (w/v), 0.1% sodium dodecyl sulfate (SDS) (w/v), 50 mM NaF, 0.1% aprotinin (w/v), 0.1% leupeptin (w/v), 1 mM Na 3 VO 4, and 1 mM phenylmethylsulfonyl fluoride. Cell lysates were collected using a cell scraper, transferred to 1.5 ml microcentrifuge tubes, and centrifuged at 15000 x g for 30 min at 4˚C. The supernatant was collected and transferred to another tube, and the overall protein concentration was determined using a BCA Protein Assay Reagent Kit (Pierce, Rockford, IL) with BSA as the standard.
Each supernatant containing proteins (20 μg aliquot) was mixed with sample buffer containing 4% SDS for SDS gel electrophoresis (SDS-PAGE) and incubated for 5 min at 80˚C. The protein samples were then subjected to the SDS-PAGE, and the proteins in gel were electroblotted onto polyvinylidene difluoride filters (Fluorotrans membrane W, 0.2 μm; Nihon Genetics, Tokyo, Japan). MAP kinase and its phosphorylated form were visualized by immunoblotting using monoclonal antibodies against p44/42 ERK and phospho p44/42 ERK, respectively (Cell Signaling Technology, Lake Placid, NY).
Neurofilament M was similarly reacted with its primary antibody (Sigma). The membranes were then reacted with horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG antibody (Promega) as the secondary antibody. The blots were developed by the enhanced chemiluminescence method (Hyperfilm-ECL plus, Amersham Biosciences Corp., Piscataway, NJ).
Statistical analysis
The results are expressed as means ± SD. Significant difference from the control value was determined by using analysis of variance (ANOVA), followed by Dunnett's test. In all tests, statistical significance was set as *, p<0.05; **, p<0.01; ***, p<0.005.
Results
Superoxide radical-scavenging activity (SOSA) of 1,3-selenazolidin-4-one
The Fig. 2A) . Compound b was sufficiently active to justify further testing after serial dilutions, and the IC 50 was determined to be 92.4 µM (Fig. 2B ).
To determine whether compound b could eliminate superoxide anions generated by XOD, the amount of uric acid, the by-product of the superoxide anion in the standard reaction mixture, was measured with or without compound b (Fig. 3) . Generation of uric acid was not significantly affected by adding a relatively high concentration of compound b (166 µM), suggesting that this compound b acts not as an inhibitor of XOD but as a scavenger of superoxide anions. On the other hand, SOSA at 166 µM of ebselen was 100%, and IC 50 of ebselen was 20 µM.
Effect of compound b on PC12 cells in serum-deprived culture medium
In order to evaluate the effect of compound b or ebselen on PC12 cells in serumdeprived culture medium, we evaluated cell viability and caspase-3 and 7 activities by using the MTT assay and Caspase-Glo® 3/7 assay kit, respectively. Ebselen supplemented in the medium at 100 µM or higher showed toxic effects on the cells (Fig. 4 A) . On the other hand, cell viability was promoted by the addition of compound b or NGF (Fig. 4 B, D) .
Compound b showed the maximum effect at 100 μM. Serum-deprived PC12 cells undergo apoptosis (Nishina et al., 2008) , but the addition of NGF protects against this form of cell death (Biswas and Greene, 2002) . Our present results thus suggest that compound b attenuated serum deprivation-induced apoptosis of PC12 cells. Furthermore, serum deprivation-induced activation of caspase-3 and 7 was also attenuated by the addition of compound b at 100 µM or higher; however, neither NGF nor ebselen showed such effect (Fig. 5) .
Effects of compound b and U0126 on MAP kinase cascade and morphological changes in PC12 cells
As it is reported that activation of the MAP kinase cascade represses apoptosis (Wang et al., 2008) , the effect of U0126 (a MEK1/2 inhibitor) on the compound b-or NGF-facilitated cell viability was examined. The treatment with U0126 diminished the activity of compound b and NGF (Fig. 4C, D) . Next, to clarify a relationship between cell viability and MAP kinase activation, we evaluated the effects of compound b and NGF on ERK1/2 phosphorylation. Compound b and NGF markedly stimulated ERK1/2 phosphorylation at 100 µM and 10 ng/ml, respectively, and the phosphorylation evoked by both compound b and NGF was significantly inhibited by the treatment with a MEK inhibitor, U0126 (Fig. 6 ), demonstrating that compound b stimulates ERK1/2 phosphorylation via MEK activation as well as NGF. ERK1/2 was significantly activated by the addition of 100 µM of compound b, but activation was low with 100 µM of ebselen.
The morphological changes in serum-deprived PC12 cells after treatment with compound b, NGF, and U0126 alone or in combination are shown in Fig. 7 . After serum-deprivation, the cells with nuclear fragmentation increased in number with the increase of culture period, and the number of cells with normal morphology was severely decreased by 6 days (Fig. 7 A) . U0126 alone did not affect the cell morphology (Fig. 7 B) .
NGF induced neurite outgrowth, and suppressed cell growth and nuclear fragmentation (Fig.   7 C) , but U0126 treatment completely suppressed these NGF-induced effects (Fig. 7 D) .
Compound b stimulated the proliferation of PC12 cells and suppressed nuclear fragmentation, but U0126 treatment suppressed this effect. No morphological change was seen following the addition of 100 µM of ebselen (data not shown).
Discussion
We newly synthesized 6 organo-selenocompounds (Fig. 1) , and as a result of comparing SOSA for each, we clarified that only
exhibited SOSA. Furthermore, the inhibition of serum deprivation-induced apoptosis of PC12 cells by compound b was observed.
Among the 6 compounds synthesized, only compound b had significant SOSA. As a possible reason for the mechanism, compound b bears a methoxy group at the para position of the benzene ring. The existence of an electron-donating group at this position of the benzene ring might contribute to SOSA. Previously, we systematically synthesized various organic selenium compounds, including selenocarbamates, selenoureas, thioureas, tertiary selenoamide compounds, 2-amino-1,3-selenazoles, and bis-(2-amino-5-selenazoyl) ketones, and demonstrated their SOSA by using the same chemiluminescence method. The IC 50 values of these compounds ranged from approximately 0.1 to 100 µM (Takahashi et al., 2004; Sekiguchi et al., 2005; Takahashi et al., 2005a; Takahashi et al., 2005b; Sekiguchi et al., 2006) . The SOSA of compound b might be relatively low compared with that of other compounds such as selenocarbamates, selenoureas, thioureas, tertiary selenoamide, and ebselen. On the other hand, compound b significantly inhibited serum deprivation-induced apoptosis in PC12 cells.
U0126 significantly suppressed compound b-facilitated cell survival (Fig. 4C ) and ERK1/2 phosphorylation (Fig. 6) , suggesting that compound b promoted cell survival by the MEK-mediated activation of the MAP kinase pathway. On the other hand, serum deprivation-induced caspase-3 and 7 activation was attenuated by the addition of compound b in a concentration-dependent manner. Among 11 caspases so far identified, there are two types of apoptotic caspases: initiator (apical) caspases and effector (executioner) caspases.
Initiator caspases (e.g. caspase-2, 8, 9 and 10) cleave inactive pro-forms of effector caspases, thereby activating them. Effector caspases (e.g. caspase-3, 6, and 7) in turn cleave other protein substrates within the cell, to trigger the apoptotic process (Sairanen et al., 2009) . At 1 mM of compound b, although the activities of caspase-3 and 7 were decreased, cell viability was attenuated compared with 100 µM of compound b. It is suggested that apoptosis in the PC12 cells is associated with not only these caspase activities but also activation or inactivation of another factor such as one from the Bcl family (Rong et al., 1999) . In the present study, since only caspases and ERK1/2 were used as the index, no significant correlations were seen between concentration and effects. Further studies may be needed to confirm the role of the Bcl family in the compound b-affected PC12 cells, because relationship between concentration and activity of compound b are contradictory.
U0126 suppressed NGF-induced ERK1/2 phosphorylation and neurite outgrowth (Fig.   4D , 6 and 7 D), but not cell survival. These observations were in good agreement with previous reports showing that the phosphorylation of ERK1/2 is necessary for neurite outgrowth from PC12 cells (Williams et al., 2000) , and the activation of phosphoinositide 3-kinase for cell survival (Wert and Palfrey, 2000) .
Previous reports suggested that sustained activation of ERK1/2 by Crk, and Shp-2 promotes the NGF-induced differentiation of PC12 cells (Matsuda et al., 1994; Wright et al., 1997) . In other words, sustained ERK1/2 activation requires activation of Crk and Shp-2. In the present study, because the activation of ERK1/2 due to compound b may be transient, compound b only led to the inhibition of cell death (Aletta, 1994) . Another report has suggested that the activation of caspases is associated with cell differentiation in PC12 cells (Vaisid et al., 2005) . However, caspase-3 and 7 activities were not inhibited in the NGF-affected cells. Hence, further studies are needed to elucidate the precise mechanism involved in the differentiation of PC 12 cells and the relationship with caspase activities.
Ebselen, a well-known antioxidant containing a selenium atom in its molecule, was used for comparison with compound b. Unlike compound b, ebselen enhanced serum-deprived cell death at concentrations above 10 μM (Fig. 4A) . Ebselen is a candidate therapeutic drug, and the toxicity of compound b was found to be lower than that of ebselen.
Also, the effects of ebselen on the activation of ERK1/2 and the inactivation of caspases were lower than those of compound b. Therefore, in regard to the low toxicity and inhibition of apoptosis, compound b might be a more attractive and promising candidate than ebselen.
A low concentration of O 2 -produced in the human body generally plays a beneficial role in biological defenses and intercellular signal transduction .
Conversely, excessive O 2 -production has a role in the pathogenesis of many disorders, including inflammation, rheumatoid arthritis, and asthma (Vignola et al., 1998; Kato et al., 2005) . Oxidative stress may be defined as an imbalance between cellular production of ROS and antioxidant defense mechanisms , and ROS is a key component of Intracellular signaling pathways involving enzyme activities of kinases and phosphatases are regulated by the redox state (Kamata et al., 2005) . It is thought that there are two kinds of mechanisms involved in the compound b-induced ERK1/2 phosphorylation.
One is the activation of cell membrane receptors and the other is regulation of the redox state in cells. Full disclosure of the effects of compound b on neuronal cells and the mechanism by which it activates ERK1/2 are expected to be reported in the near future.
Although in this study only PC12 cells were used for biological evaluation of compound b, additional in vitro and in vivo studies are necessary to clarify whether this compound may be applicable as an antioxidant drug. Fig. 1 . 2-Methylene-1,3-selenazolidin-4-one derivatives tested in this study.
QuickTime™ and a TIFF (Uncompressed) decompressor are needed to see this picture. and the cells were cultured for another 11 days. Data are expressed as mean ±SE. Significant differences of the values from the value of the control or no inhibitor at four days after serum deprivation were determined by ANOVA, followed by Dunnett's test. Significance: **,p<0.01; -, no significant difference.
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Fig. 5.
Effects of compound b on caspase-3 and -7 activation. PC12 cells were cultured in serum-containing medium for 2 days. Thereafter, the medium was changed to serum-free medium containing NGF, compound b or no reagents (control); and the cells were cultured for another 6 days.
Data are expressed as mean ±SE. Significant differences of the values from the value of the control at four days after serum deprivation were determined by ANOVA. Significance: ***, p<0.005; **, p<0.01.
QuickTime™ and a TIFF (Uncompressed) decompressor are needed to see this picture. 
